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ABSTRACT: A straightforward one-pot approach for the synthesis of
highly porous carbon nanosheets with an excellent performance as
supercapacitor electrodes is presented. The procedure is based on the
carbonization of an organic salt (i.e., sodium gluconate) at a temperature
in the range of 700−900 °C. The carbon nanosheets have a large aspect
ratio (length/thickness ≈ 102−103), a thickness within the range of 40−
200 nm, high BET surface areas (SBET) of up to 1390 m2 g−1, and a
porosity with a hierarchical organization in the micropore−mesopore
range. Importantly, via an additional activation step, the textural
properties can be substantially enhanced (SBET up to 1890 m2 g−1). Both the nanosheet morphology (short diffusional paths)
and the hierarchical microporous/mesoporous pore structure allow the rapid transport of ions throughout the carbonaceous
matrix, leading to excellent electrochemical performance. Thus, the hierarchical nanosheets exhibit specific capacitances of up to
140 F g−1 at an ultrahigh discharge current of 150 A g−1 in 1 M H2SO4 and 100 F g−1 at 120 A g−1 in 1 M TEABF4/AN. The
maximum specific power recorded in an aqueous electrolyte is ∼20−30 kW kg−1 and ∼90−110 kW kg−1 in an organic
electrolyte. These promising power characteristics are accompanied by excellent cycling stability.
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■ INTRODUCTION

Carbon materials are attracting increasing interest in many
technological areas, especially those related to energy storage and
conversion.1 For these advanced applications, it is essential that
the carbon materials possess an appropriate pore structure and
particle architecture. This is especially important in the case of
porous carbons that are used as electrodes in electrochemical
double-layer capacitors (EDLCs). In these systems, the storage
of energy occurs via the accumulation of electrical charges across
the electrode/electrolyte interface and, as a consequence,
carbons with high surface areas are greatly preferred.2,3 It has
recently been found that the specific capacitance undergoes a
sharp increase in carbons with pore sizes of <1 nm.4,5 This
finding shows that, to achieve a high capacitance (high energy
density), porous carbons must possess not only a high surface
area but also a large number of narrow micropores. Clearly, this
type of porosity will severely limit the transport of ions in large
particles (>5 μm), and undermine the EDLC performance at
high current densities (high power density).6 To overcome this
problem, it is important to design porous carbons with an
appropriate architecture combining several properties: (i) a large
surface area, (ii) a significant fraction of the pore volume
consisting of narrow micropores, (iii) a large number of wide
mesopores, and (iv) an effective particle size of <200 nm. In this
way, while/whereas properties (i) and (ii) will ensure a high
energy density, properties (iii) and (iv) will guarantee short ion-
transport times (high power density). Or: In this way, properties
(i) and (ii) will ensure a high energy density, while/whereas

properties (iii) and (iv) will guarantee short ion-transport times
(high power density).
An interesting approach to improve the ion-transport kinetics

in microporous carbons has been proposed by Wang et al., who
described the fabrication of carbon powders with a hierarchical
pore structure that combines macropores, mesopores, and
micropores.7 This pore organization reduces the effective
diffusional paths, thereby improving the EDLC performance.
Another alternative is to fabricate nanometer-sized porous
carbon particles (<200 nm, diffusional path <100 nm). In
particular, 2D porous carbon nanosheets with a thickness of
<200 nm are an attractive option, because they are easy to
synthesize.8−11 Graphene is a good example of a 2D carbon
nanostructure.12 However, it has been observed that graphene
nanosheets have a tendency to aggregate (self-restacking) during
the preparation of the electrode, which results in a substantial loss
of active surface area and a reduction in electrochemical
performance.13 To solve this problem, the intercalation of
several types of carbon nanoparticles between the graphene
sheets or the synthesis of graphene sheets with curved
morphologies has been investigated.14−20 However, these
procedures require additional steps, which introduces a certain
amount of complexity into the synthesis process. In a recent
report, Fan et al. described the fabrication of mesoporous carbon
nanosheets with a unique pillared architecture and analyzed the
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EDLC performance of such materials.21 However, the synthesis
procedure is somewhat complex and the carbon particles have a
relatively low surface area (<900 m2 g−1) and a porosity
composed exclusively of mesopores (∼7 nm). Wang et al.
showed that carbon nanosheets obtained by the hydrothermal
carbonization of natural fibers, followed by chemical activation
with KOH, as electrochemical capacitor electrodes or EC
electrodes.22 Recently, we reported an easy, one-step procedure
for the synthesis of highly porous interconnected carbon
nanosheets with an excellent performance as supercapacitor
electrodes based on the carbonization of an organic salt (i.e.,
potassium citrate) at a temperature in the range of 750−900
°C.23 Despite these advances, there is still a need for the
development of simple, cost-effective, and “green” approaches to
the production of porous carbon nanosheets for high-perform-
ance EDLC systems.
In this paper, we present a template-free one-step synthesis

method for the fabrication of hierarchical porous carbon
nanosheets. These carbon particles satisfy two important
conditions necessary that are necessary for their use in EDLC
systems: (i) a two-dimensional (2D) morphology with a carbon
sheet thickness of <200 nm and (ii) a hierarchical porous
structure made up of large mesopores (>10 nm) fully
interconnected by narrow micropores (<1 nm). The small
thickness of the carbon sheets guarantees short ion-transport
times, while the hierarchical pore structure has a double function:
the large mesopores act as ion-buffering reservoirs and the
micropores accommodate the ion charges that build up the
electric double-layer. The procedure for fabricating the
hierarchical porous carbon nanosheets is simple, involving the
carbonization of sodium gluconate by means of a synthesis
strategy recently developed in our laboratory.24 It should be
emphasized that these carbon materials can be easily produced in
only one step by using as precursor a widely available inexpensive
substance as a precursor.

■ EXPERIMENTAL SECTION
Synthesis of Materials. In a typical synthesis procedure, 3 g of

sodium gluconate (Aldrich) was heat-treated in a stainless steel reactor
under a nitrogen atmosphere up to the required temperature within the
range of 700−900 °C at a heating rate of 3 °C min−1 and held at this
temperature for 1 h. The resulting black solid residue was then washed
with HCl (10%) for the removal of sodium compounds. Finally, the
solid was collected by filtration, washed with abundant distilled water,
and dried at 120 °C for several hours. The carbon samples were denoted
as GNa-X, where X is the reaction temperature (in °C). The yield of the
GNa-X samples varied from 22% for GNa-700 to 8.5% for GNa-900.
To increase the porosity of the GNa-based carbons, activated samples

were prepared by one of two different procedures: (a) physical
activation by carbon gasification with CO2 or (b) chemical activation
with KOH. For physical activation, a GNa-900 sample was gasified with
CO2 at 700 °C for 24 h to reach a burnoff of 35% (gasification rate of
<2% h−1). This sample has been denoted as GNa-PA. In the case of
chemical activation, a certain amount of GNa-750 carbon was ground
thoroughly with KOH (KOH/GNa-750 weight ratio = 3) and heat-
treated at 800 °C for 1 h under nitrogen. Finally, the solid residue was
washed with HCl (10%) and distilled water. This activated sample has
been designated as GNa-CA.
Physical Characterization. Scanning electron microscopy (SEM)

images were obtained on a Quanta FEG650 (FEI) instrument, and
transmission electron microscopy (TEM) images were recorded on a
JEOL (Model JEM 2100-F) apparatus operating at 200 kV. The
nitrogen sorption isotherms of the carbon samples were measured at
−196 °C using a Micromeritics Model ASAP 2020 sorptometer. The
apparent surface area was calculated using the BET method. The total
pore volume was determined from the amount of nitrogen adsorbed at a

relative pressure (p/p0) of 0.95, and the micropore volume was
determined using an αs-plot. The mesopore size distributions were
determined by means of the Kruk−Jaroniec−Sayari (KJS) method,25

whereas the micropore size distributions were obtained by using the
Quench Solid State Density Functional Theory (QSDFT).26,27 X-ray
diffraction (XRD) patterns were obtained on a Siemens D5000
instrument operating at 40 kV and 20 mA, using CuKα radiation. The
Raman spectra were recorded on a Horiba (LabRam HR-800)
spectrometer. The source of radiation was a laser operating at a
wavelength of 514 nm and at a power of 25 mW. Thermogravimetric
analysis (TGA) curves were recorded on a TA Instruments Model Q600
TGA system.

The dc electrical conductivity and the packing density of the carbon
powders were determined in a homemade apparatus (four-probe
method) by pressing the powders between two plungers into a hollow
nylon cylinder (inner diameter of 8 mm), and applying a pressure of 7.1
MPa.

Electrochemical Characterization. Electrodes were prepared by
mixing 85 wt % active material with 10 wt % polytetrafluoroethylene
(PTFE) binder (Aldrich, 60 wt % suspension in water) and 5% Super P
(Timcal). The electrochemical measurements were performed in two-
electrode Swagelok-type cells using stainless steel current collectors.
Electrochemical capacitors were constructed using two carbon electro-
des of comparable mass and thickness (carbon loading in each electrode:
∼5 mg cm−2), electrically isolated by a glassy fibrous separator. A 1 M
tetraethylammonium tetrafluoroborate salt (TEABF4, electrochemical
grade, Sigma−Aldrich) solution in acetonitrile (AN, 99.8%, anhydrous,
Sigma−Aldrich) and a 1 M H2SO4 aqueous solution were used as
electrolytes. The electrochemical characterization was carried out on a
computer-controlled potentiostat (Biologic VMP3 multichannel
generator).

Electrochemical impedance spectroscopy (EIS) was performed at
open circuit voltage (i.e., 0 V) within the frequency range of 1 mHz to
100 kHz and a 10 mV AC amplitude. Nyquist plots and plots of the
dependence of capacitance on frequency were recorded to characterize
the impedance of the tested samples. The specific gravimetric
capacitance of a single electrode, CEIS (F/g), was calculated according
to the following formula and normalized with respect to the specific
gravimetric capacitance at 1 mHz:

π
= | |

+
C

f Z Z m
2 Im(Z)

2 [(Im( )) (Re( )) ]EIS 2 2

where f is the operating frequency (Hz), and Im(Z) and Re(Z) are the
imaginary and real components of the total device resistance (expressed
in ohms). The relaxation time constant (τ0), which separates the
capacitive behavior and the resistive behavior of the supercapacitor, was
deduced from the frequency f 0 as follows: τ0 = 1/f 0, where f 0 is the
frequency at which 50% of the capacitance can be accessed.

Cyclic voltammetry was conducted in the 0−2.7 V range for the
organic electrolyte and 0−1 V range for the aqueous electrolyte at
increasing sweep rates from 1 to 3000 mV s−1. The specific gravimetric
capacitance of one electrode was calculated from the plateau (far from
the transient regions) in the graph of specific capacitance versus voltage.

Galvanostatic charge/discharge cycling was performed in the same
voltage ranges as cyclic voltammetry at current densities in the 0.05−150
A g−1 range, on the basis of the active mass of the working electrode. The
specific gravimetric capacitance on a single-electrode basis was
determined from the slope of the discharge voltage profile (dV/dt)
using the formula

=C
I

V t m
2

(d /d )sp

where I is the current and m is the mass of carbon material in one
electrode.

To trace the Ragone plots, the specific energy (Wh kg−1) was
calculated using the following formula:

= ΔE C V
1
2 cell d

2
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where Ccell is the specific capacitance of the total cell (F g−1) and ΔVd is
the operation voltage (ΔVd = Vmax − IR drop).

The specific power (kW kg−1) was calculated by means of the
formula:

Figure 1. (a) TGA profile of sodium gluconate (N2 atmosphere, heating rate of 3 °C/min), (b) XRD patterns for the sodium gluconate samples heat-
treated at several temperatures, (c) TEM image of the sample carbonized at 650 °C, and (d) EDXmapping of sodium in a carbon nanosheet (shown as
an inset).

Figure 2. (a, b) SEM and (c, d, e, f) TEM images of the carbon nanosheets obtained by the heat treatment of sodium gluconate at 850 °C.
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where Δtd is the discharge time.
The self-discharge and leakage current were evaluated by constant

load tests, which consisted of charging at a rate of 10 A g−1 up to the
required voltage, i.e., 0.8/1 V in H2SO4 and 2.0/2.7 V in TEABF4/AN.
The voltage was then kept stable for 2 h. This was followed by a period of
several hours at open circuit when the dependence of cell voltage on
time was recorded.

■ RESULTS AND DISCUSSION
Formation and Structural Characteristics of the Micro-

porous/Mesoporous Carbon Nanosheets. The heat-treat-
ment of sodium gluconate under an inert atmosphere leads
directly to 2D porous carbon nanosheets that contain a certain
amount of inorganic impurities (i.e., sodium compounds), which
can be easily removed by washing with diluted HCl. These
nanosheets have a well-developed porosity (vide inf ra), which is
generated because of the reactions that occur between the
carbonaceous material and the inorganic compounds during the
carbonization step. The decomposition of sodium gluconate was
monitored by means of thermogravimetric analysis (TGA). The
TGA curve in Figure 1a clearly shows two weight loss steps in the
temperature ranges of 200−480 °C and 700−800 °C. The first
weight loss step is associated with the decomposition of the
organic moiety, which occurs simultaneously to the formation of
sodium carbonate. X-ray diffraction (XRD) patterns reveal the
presence of this compound in the samples obtained at 500 and
650 °C (Figure 1b). Moreover, a TEM image of a sample at 650
°C shows Na2CO3 crystallites deposited on the surface of a
carbonaceous sheet (Figure 1c). The second weight loss step
(700−800 °C) is the consequence of several simultaneous
reactions. First, the decomposition of the sodium carbonate
(Na2CO3 → CO2 + Na2O) takes place, as can be deduced from
the XRD pattern corresponding to a sample prepared at 800 °C
(Figure 1b). The CO2 released then reacts with carbon (CO2 +C
→ 2CO), while the Na2O is reduced (Na2O + C→ 2Na + CO).

Both processes lead to the formation of a large number of
micropores.28−30 Furthermore, the metallic sodium produced
generates additional porosity, because it is intercalated between
the graphene layers, causing the swelling and disruption of the
carbon microstructure.31,32 This is supported by the EDX-
mapping analysis, which reveals that sodium is uniformly
distributed throughout the carbon nanosheets, suggesting that
it is intercalated within the carbon framework (Figure 1d).
Figure 2 displays SEM and TEM images of the carbon particles

obtained by the carbonization of sodium gluconate. It can be seen
that they consist of crumpled sheets of a very large aspect ratio,
with a length of up to more than 100 μm (see Figures 2a) and a
thickness within the 40−200 nm range (see Figure 2b and Figure
S1 in the Supporting Information). The sheets are highly porous
as can be inferred from the TEM photomicrographs in Figures
2c−f and Figure S2 in the Supporting Information. These images
reveal that the carbon nanosheets have two pore systems with a
hierarchical organization, consisting of spherical nanovoids of
∼10−20 nm (mesopores) (see Figures 2d and 2e) intercon-
nected by narrow micropores, as illustrated by the photomicro-
graphs displayed in Figure 2f and in Figure S2d in the Supporting
Information. This pore organization clearly indicates that the
mesopores have a cagelike structure (i.e., large voids with narrow
entrances).
The carbon nanosheets have a disordered structure, as can be

deduced from the fast Fourier transform (FFT) pattern in Figure
S2 in the Supporting Information, and also from the XRD pattern
and Raman spectrum in Figure S3 in the Supporting Information,
which are typical of carbonaceous materials with an amorphous
structure. Chemical analysis of the carbon nanosheets revealed
that they have a large oxygen content of ∼19 wt %, which is
independent of the carbonization temperature (see Table S1 in
the Supporting Information).
Nitrogen physisorption measurements were performed to

analyze the textural characteristics of the carbon nanosheets
obtained by the carbonization of sodium gluconate at several
temperatures in the range of 700−900 °C. The N2 sorption

Figure 3. (a) Nitrogen sorption isotherms, (b) micropore size distributions (QSDFT method), and (c) mesopore size distributions (Kruk−Jaroniec−
Sayari (KJS) method) corresponding to the carbon nanosheets prepared at different carbonization temperatures.
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isotherms and the pore size distributions corresponding to the
micropores and mesopores are shown in Figures 3a, 3b, and 2b,
respectively. The adsorption profiles in Figure 3a show that the
isotherms are a combination of Type I (typical of microporous
carbons) and Type IV (characteristic of mesoporous materials).
Interestingly, the sorption isotherms exhibit a broad hysteresis
loop with a sharp closure (Type H2 hysteresis loop), which is
typical of materials that possess large mesopores with a cagelike
structure (small entrances and large interiors).33,34 This result is
coherent with the pore structure shown in the TEM images,
which revealed a porosity made up of two pore systems with a
hierarchical organization. The presence of two types of pores is
confirmed by means of the pore size distributions deduced by the
QSDFT method in the case of the micropores (Figure 3b) and
the KJS method in the case of the mesopores (Figure 3c).
Independent of the carbonization temperature, the mesopores
have a size centered at ∼12 nm, while the micropores exhibit a

maximum at ∼0.8 nm. The textural parameters of the carbons
synthesized at several temperatures in the range of 700−900 °C
are listed in Table 1. These results show that the carbon
nanosheets have high Brunauer−Emmett−Teller (BET) surface
areas, whose values increase with the carbonization temperature,
from SBET = 280m

2 g−1 (700 °C) to SBET = 1390m
2 g−1 (900 °C).

Similarly, the pore volumes increase from 0.21 cm3 g−1 (700 °C)
to 0.99 cm3 g−1 (900 °C). Interestingly, the porosity of these
carbons is almost equally distributed between the micropores
and mesopores. For example, in the case of the GNa-850 sample,
the micropore and mesopore volumes are similar, with values of
0.40 cm3 g−1 and 0.47 cm3 g−1 respectively (see Table 1).
The pore volume of the carbon nanosheets was increased by

using two well-established activation procedures: physical
activation with CO2 and chemical activation with KOH. The
TEM images in Figures 4a and 4b show that the activated
samples retain their nanosheet morphology and hierarchical
porosity with two interconnected pore systems in the mesopore
and micropore ranges. The HRTEMmicrophotograph in Figure
4c, taken at the edge of a GNa-CA nanosheet, shows a
microporous network that is composed of randomly oriented
narrow micropores. Furthermore, the N2 sorption isotherms of
the activated materials have the same shape as that of the as-
prepared carbon nanosheets (see Figure 4d). However, the BET
surface area and the pore volumes of the activated samples have
increased significantly to 1530 m2 g−1 and 1.14 cm3 g−1 for the
CO2-activated carbon (GNa-PA), and 1890 m

2 g−1 and 1.33 cm3

g−1 in the case of the KOH-activated carbon (GNa-CA),

respectively (see Table 1). Moreover, the pore size distributions
for the micropores (Figure 4e) and mesopores (Figure 4f) are
similar to those of the as-prepared samples, except for the
appearance of a large number of micropores and the increase in
the size of the mesopores up to 20 nm for GNa-PA and up to 30
nm in the case of GNa-CA. Interestingly, in the case of the
activated carbon nanosheets, the micropore and mesopore
volumes have increased by a similar extent and, as a consequence,
the porosity of these samples (as in the case of the nonactivated
materials) is also equally distributed between the micropores and
mesopores (see Table 1).

Electrochemical Performance of the Carbon Nano-
sheets. The new carbon nanosheets presented in this work have
a unique structure that combines a very small thickness
(diffusional paths of <100 nm) with a large surface area of up
to ∼1900 m2 g−1 and a hierarchical porosity consisting of large
spherical mesopores (∼10−30 nm) interconnected by narrow
micropores (<1 nm). Furthermore, they possess a relatively good
electronic conductivity (i.e., ∼1−3 S cm−1) (see Table S2 in the
Supporting Information). Because of these properties, they can
be expected to exhibit an excellent behavior as electrodes for
advanced electrochemical capacitors. To confirm this, the
electrochemical performance of these carbon samples was
measured in organic (1 M TEABF4/AN) and aqueous (1 M
H2SO4) electrolytes using a wide range of sweep rates and
discharge currents.
The first evidence of fast electron/ion transport within the

structure of the materials developed was provided by electro-
chemical impedance spectroscopy (EIS). It was found that the
hierarchical nanosheet-based supercapacitors are characterized
by small relaxation time constants of 0.7−1.6 s in H2SO4
electrolyte and 1.2−2.3 s in TEABF4/AN electrolyte (see
Table S2 in the Supporting Information), as deduced from the
variation in normalized capacitance with frequency (see Figures
S4a and S4b in the Supporting Information). Significantly, such
time constant values in the organic electrolyte are much lower
than those of porous carbons with a granular morphology, such
as the commercial activated carbon Supra DLC-50 (8.5 s),23

advanced activated carbons (>10 s),35 and carbide-derived
carbons (>5 s).4,36,37 On the other hand, the time constant values
in the aqueous electrolyte are similar to, or smaller than, those of
granular ordered hierarchical micro-mesoporous material
carbons (1.4−2.5 s),38 3D hierarchical porous carbon (6.7 s),39

and Supra DLC-50 (1.7 s). These data confirm facile ion
transport resulting from short ion diffusion paths in these carbon
nanosheets. Further proof of the low resistance to the transport
of ions within the porous structure is provided by the value of the
equivalent distributed resistance (EDR), which is calculated by
performing a linear projection of the vertical portion of the
Nyquist plot at low frequencies to the real axis and subtracting
the equivalent series resistance (ESR) (see Figure S4c in the
Supporting Information).40 Thus, the EDR value is as low as 0.08
Ω in H2SO4 and 0.66Ω in TEABF4/AN; these are values that are
substantially lower than those of ordered hierarchical micro-
porous/mesoporous carbons,38 mesoporous carbon micro-
spheres (diameter <500 nm),41 or porous graphitic carbon
nanosheets.8 The low values of ESR and EDR will allow a smaller
tradeoff between energy and power and higher specific powers, as
will be demonstrated below.
The EIS findings have been confirmed by cyclic voltammetry

experiments. Thus, it can be seen in Figure 5 that the cyclic
voltammograms for both electrolytes have a rectangular shape,
which is typical of double-layer capacitors up to high scan rates of

Table 1. Textural Properties of Microporous/Mesoporous
Carbon Nanosheets

sample
code

SBET
(m2 g−1)

Vp
(cm3 g−1)a

Vmicro
(cm3 g−1)b

Vmeso
(cm3 g−1)c

GNa-700 280 0.21 0.10 0.11
GNa-750 560 0.40 0.18 0.22
GNa-800 960 0.64 0.30 0.34
GNa-850 1280 0.87 0.40 0.47
GNa-900 1390 0.99 0.44 0.55
GNa-PA 1630 1.14 0.57 0.57
GNa-CA 1890 1.33 0.69 0.64

aPore volume at p/p0 ≈ 0.95. bMicropore volume determined by the
αs-plot technique. cMesopore volume obtained from the difference
between pore volume (Vp) and micropore volume (Vmicro): Vmeso = Vp
− Vmicro.
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500−1000 mV s−1. Only at very large sweep rates of 2000−3000
mV s−1, is charge propagation delayed when the voltage sweep is
reversed. This leads to a weak sweep rate dependency of
capacitance, as shown in Figure S5 in the Supporting
Information. It is worth noting that the physically activated
GNa-PA sample shows the best rate performance in organic
electrolyte, but the worst behavior in aqueous electrolyte. We
attribute this behavior to its somewhat hydrophobic character
(poor wettability in water), because of its low oxygen content
(5.2 wt % O, Table S1 in the Supporting Information). This
hinders ion diffusion within the porosity in H2SO4. By contrast,
these hydrophobic properties are beneficial in an aprotic medium
(i.e., TEABF4/AN) and in TEABF4/AN, the GNa-PA carbon
shows an excellent electrochemical performance with high
specific capacitance values (see Figure S5b in the Supporting
Information).
The excellent rate performance of the hierarchical micro-

mesoporous materials carbon nanosheets in aqueous/organic
electrolytes has been confirmed by galvanostatic charge−
discharge experiments. Indeed, the results in Figure 6a show
that, for a 1200-fold discharge rate increase in TEABF4/AN, i.e.,
from 0.1 to 120 A g−1 (drain time = 0.34−0.84 s), the capacitance
fading of the activated nanosheets is as low as 13%−25% (∼45%
for pristine GNa-900 nanosheets). In aqueous electrolyte (1 M
H2SO4), the behavior of the GNa-CA sample is especially
remarkable, with a capacitance fading of only ∼35% at 120 A g−1

(drain time = 0.2−0.6 s) (see Figure 6b). As can be seen from the
data in Figure 6c, these capacitance losses are lower than those of
other advanced carbon materials, such as hierarchical porous
graphitic carbon (44% at 50 A g−1 in KOH),7 microporous
carbon nanoplates (62% at 70 A g−1 in H2SO4 and 60% at 40 A
g−1 in BMIMBF4/AN),

10 3D microporous conducting carbon
beehive (42% at 30 A g−1 in H2SO4),

42 porous graphene-like
nanosheets (31% at 30 A g−1 in KOH),11 N-doped porous
graphitic carbon (35−45% at 30 A g−1 in KOH),43 or human
hair-derived carbon flakes (65% at 10 A g−1 in 1 M LiPF6 EC/
DEC).44 Especially outstanding is the behavior of the GNa-CA
carbon that exhibits in 1 M H2SO4 a specific capacitance as high
as 140 F g−1 (54 F cm−3) at a ultrahigh discharge current of 150 A
g−1 and ∼100 F g−1 (∼40 F cm−3) at 120 A g−1 in 1 M TEABF4.
These results demonstrate the excellent rate capability of the
hierarchical micro-mesoporous materials carbon nanosheets
synthesized in this study, especially of the activated ones,
which combine a large ion storage capacity with an enhanced ion
transport capability. It should be noted that, excluding the
anomalous behavior of GNa-PA, the capacitance loss of the
materials is larger in H2SO4 than in TEABF4 for discharge
currents lower than 5 A g−1; however, for larger discharge
currents, the capacitance loss is similar in both electrolytes. This
result suggests pseudo-capacitance phenomena in H2SO4, whose
kinetics are slower than double-layer formation and therefore
play a role only at low discharge currents. This agrees with the

Figure 4. (a, b, c) TEM images of chemically activated carbon nanosheets GNa-CA. (d) Nitrogen sorption isotherms, (e) micropore size distributions
(QSDFT method), and (f) mesopore size distributions (KJS method) of the post-activated-carbon nanosheets GNa-CA and GNa-PA.
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larger surface-area-normalized capacitances measured at low
discharge current (0.1 A g−1) in H2SO4 (10.9−12.8 μF cm−2), in
comparison to TEABF4 (∼6.9 μF cm−2 in 1 M TEABF4).
The high power handling ability of the nanosheets can be

clearly visualized in the Ragone plot in Figure 6d. Thus, specific
powers well above the Partnership for a New Generation of
Vehicles (PNGV) power target7 are achieved in both types of
electrolyte. The highest specific power in an aqueous electrolyte
is ∼20−30 kW kg−1/∼9−16 kW L−1 (specific energy of ∼1−3
Wh kg−1/∼0.4−1.1Wh L−1), whereas in an organic electrolyte, a
4-fold increase is registered, i.e.,∼90−110 kW kg−1/∼41−46 kW
L−1 (specific energy of ∼7−13 Wh kg−1/∼3−6 Wh L−1). On the
other hand, in the case of the PNGV power target (i.e., 15 kW
kg−1), the amount of energy stored in the supercapacitors is 2−4
Wh kg−1 in an aqueous electrolyte and 16−26 Wh kg−1 in an
organic electrolyte. A comparison of the energy and power
characteristics of these materials with those of the best
performing carbon materials in the literature is presented in
Figure S6 in the Supporting Information. The materials
synthesized in this study comfortably surpass the PNGV target,
regardless of the electrolyte used, whereas few materials in the
literature are able to meet the target and if they do, it is mainly for
the organic electrolyte.
The stability of the supercapacitors prepared was examined by

charge−discharge cycling at high rates (i.e., 10 A g−1) for 10 000

cycles for a cell voltage of 1 V in an aqueous electrolyte and 2.7 V
in an organic electrolyte. A supercapacitor is usually considered,
bymanufacturers, to be out of service when the initial capacitance
has been reduced by 20% or the ESR has increased by 100%.45 In
the case of the microporous/mesoporous carbon nanosheets
presented here, the capacitance loss is in the range of 3%−5%
(see Figure 7a), whereas the increase in DC ESR is 10% (Figure
7c) after 10 000 cycles in 1 M H2SO4. In comparison, in 1 M
TEABF4/AN, the capacitance loss is in the range of 9%−13%
(Figure 7b) while the increase in DC ESR is also 10% (Figure
7d). Both end-of-life criteria are well below the limits established
by the manufacturers, proving the robustness of these carbon
nanosheet-based supercapacitors. In addition, we analyzed self-
discharge and leakage current phenomena, since these are
important when evaluating the performance of a supercapacitor
with a back-up function, where it needs to be fully charged for
long periods of time. The evaluation of both parameters was
performed after long-term cycling through constant load tests for
2 h at the required voltage (1 V in H2SO4 and 2.7 V in TEABF4/
AN), followed by an open-circuit period. The results are shown
in Figures 7e and 7f for GNa-CA in H2SO4 and GNa-PA in
TEABF4/AN, respectively. The leakage current values in H2SO4

are only∼6−7 mA g−1, whereas self-discharge is 30% after 8 h. In
the case of the organic electrolyte, both leakage current and self-
discharge values are higher, because they are dependent on the

Figure 5.Cyclic voltammograms at increasing sweep rates corresponding to the porous carbon nanosheets in (a, c, e) a 1MH2SO4 solution and (b, d, f)
a 1 M TEABF4 solution at ambient temperature.
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voltage applied.46 They are ∼15−20 mA g−1 and 30% after 2−4
h, respectively. If the constant load test is carried out at 2 V, the
leakage current decreases to 9−14mAmg−1 and the voltage drop
is 30% after 8−10 h (see Figure S7 in the Supporting
Information). These data are in the range of values reported
for other supercapacitors, such as those based on templated

mesoporous carbons,47 highly porous KOH-activated carbons,48

or prototype packed cells.49 Finally, it is worth pointing out that,
after the constant load tests (2 h at 0.8 V plus 2 h at 1 V in H2SO4,
and 2 h at 2 V plus 2 h at 2.7 V in TEABF4/AN), the capacitance
decreased by only∼1% without any increase in DC ESR in either
of the electrolytes, as can be seen in Figures 7c and 7d. This result

Figure 6.Rate performance evaluated by charge/discharge testing in (a) 1MTEABF4 solution and (b) 1MH2SO4 solution at ambient temperature. (c)
Comparison of specific capacitances at different discharge rates for a variety of advanced carbon materials. (d) Ragone plot (the vertical dash-dotted line
represents the Partnership for a New Generation of Vehicles (PNGV) power target of 15 kW kg−1, in terms of electrode active material weight).

Figure 7. Long-term galvanostatic cycling at 10 A g−1: (a) 1 M H2SO4, cell voltage = 1 V and (b) 1 M TEABF4/AN, cell voltage = 2.7 V. High-
magnification of the galvanostatic charge/discharge voltage profiles at 10 A g−1: (c) GNa-CA in 1 M H2SO4 and (d) GNa-PA in 1 M TEABF4/AN.
Leakage current and self-discharge: (e) 1 M H2SO4, cell voltage = 1 V, GNa-CA and (f) 1 M TEABF4/AN, cell voltage = 2.7 V, GNa-PA.
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suggests that these materials may also be robust enough to
withstand potentiostatic floating for long periods of time.

■ CONCLUSIONS

In summary, we have reported a novel and simple approach for
producing highly porous carbon nanosheets. These carbon
nanosheets are produced by the direct carbonization of sodium
gluconate at temperatures in the range of 700−900 °C. In this
way, the pyrolysis of the organic moiety and the generation of
porosity in the resulting carbon can be integrated in only one
step. The resulting carbon nanosheets have a large aspect ratio
(length/thickness of ∼102−103), a thickness in the range of 40−
200 nm, and a porosity with a hierarchical organization consisting
of large spherical mesopores of ∼12 nm that are interconnected
by narrow micropores of <1 nm. In addition, we have
demonstrated that the textural properties of these carbonized
samples (SBET values up to 1390 m2 g−1) can be substantially
improved by means of an additional activation step (SBET up to
1890 m2 g−1) without modifying either the morphology of the
nanosheets or the hierarchical organization of the porosity. Both
the nanosheet morphology (short diffusional paths) and the
hierarchical microporous/mesoporous pore structure allow the
rapid transport of ions throughout the carbonaceous matrix,
resulting in an excellent electrochemical performance. As a result,
the hierarchical nanosheets are able to handle ultrahigh discharge
current densities of 150 A g−1 in both aqueous (H2SO4) and
organic (TEABF4/AN) electrolytes, exhibiting specific capaci-
tances of up to 140 and 94 F g−1, respectively. In this way, these
materials are able to deliver a high specific energy of up to 4 Wh
kg−1 in aqueous electrolyte and up to 26 Wh kg−1 in organic
electrolyte at a specific power of 15 kW kg−1. The energy and
power characteristics described above are further reinforced by
an excellent resistance to both cycling and potentiostatic floating.
In short, the novel route presented in this paper is simple and
effective for the large-scale production of porous carbon
nanosheets destined for use in high-performance super-
capacitors.
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